Currently, several genetic transformation methods have been established and applied to rice. They can be classified into indirect transformation using Agrobacterium as a mediator of DNA delivery into plant cells (Hiei et al. 1994) and direct transformation represented by particle bombardment (Taylor and Fauquet 2002) . Whiskers of silicon carbide (SCW) or aluminum borate (ABW) have been used to transform plant cells, such as maize (Kaeppler et al. 1992 , Frame et al. 1994 , Petolino et al. 2000 , wheat (Omirulleh et al. 1996) , grass (Asano et al.1991 ) and rice (Nagatani et al. 1997 , Matsushita et al.1999 , Takahashi et al. 2000 , Mizuno et al. 2004 . The whiskers are inorganic single crystal fibers with 10-200 µm in length and 0.1-1 µm in diameter. The plant cells are transformed by vortexing with a mixture of whiskers and plasmid DNA solution. Whisker-mediated transformation is a simple and inexpensive method.
We found that the supersonic treatment of suspensioncultured calli with whiskers markedly increased the transformation efficiency. Moreover, by virtue of the use of suspension-cultured cells in the system, we could obtain the required number of recipient calli for each transformation trial. In this study, we examined the effect of supersonic treatment on the DNA-delivery into genomes of recipient cells by whiskers, optimized the conditions, and established the highly efficient gene transformation system, which we named the whisker-supersonic (WSS) method.
Procedure
The preparations of suspension-cultured calli Calli were induced from mature seed of rice (Oryza sativa L.cv. Nipponbare) and suspension cultured as reported by Urushibara et al. (2001) . After suspension culture for 3 weeks, the cell clumps were crushed and passed through a 1 mm stainless sieve immediately prior to use. Plasmid DNA preparation Two plasmids, pBI221 and pCH, were used. pBI221
(Clontech Laboratories Inc.) contains the β-glucuronidase gene (GUS) controlled by the 35S promoter of cauliflower mosaic virus. The plasmid pCH contains the selective marker hpt (hygromycin phosphotransferase) gene controlled by the 35S promoter cloned into pUC19 (Fig. 3B ). The plasmid DNA was purified by using a QIAGEN plasmid Maxi Kit (QIAGEN, Hilden). Twenty microlitres of plasmid DNA solution (1 mg/ml) was mixed with 85 µl of fresh liquid medium containing 1/3 Murashige and Skoog (MS) basal salts (Murashige and Skoog 1962) and 30 g/L sucrose. Then, 15 µl of POH (poly-L-ornithine hydrochloride, MW 30, 000) solution (1 mg/ml, sterilized by passage through a 0.45 µm pore filter) was added to the plasmid DNA solution and quickly mixed to form a plasmid/POH complex.
Whisker preparation
Whiskers of potassium titanate fibers (Whisker LS20; TITAN KOGYO) with an average diameter of 0.5 µm and length ranging from 5-30 µm were used for transformation. About 50 mg of dry fibers into tube were sterilized with 1 ml EtOH (100%) overnight and dried by opening the cap in the clean-bench. The sterilized whiskers were stored at 4°C until use. The dry whiskers were handled in an exhaust fume hood to avoid inhalation. Sterile whiskers in liquid medium (1% w/v) containing 1/3MS basal salts and 30 g/L sucrose were mixed using a vortex mixer.
Transformation
Approximately 250 µl in packed cell volume (PCV) of suspension cultured rice calli after a 3-day subculture were dispensed into a 1.5 ml Eppendorf tube. The calli were dispersed in fresh liquid medium containing 1/3 MS salts and 30 g/L sucrose. The 1% (w/v) whisker suspension (500 µl), which was vortexed immediately before use was added to this tube and tapped for mixing. After centrifugation at 3,000 rpm for 5 sec., the supernatant was removed. The plasmid/POH complex (120 µl) was added to the tube and the tube was tapped strongly to mixing. Immediately the suspension was centrifuged for 5 min at 15,000 rpm at 4°C and tapped. This was repeated 3 times. After kept on ice for 10 min, the tube containing the mixture of calli, whisker and plasmid was subjected to supersonic treatment with a disrupter for 1 min (Bioruptor UCD-200, COSMO BIO) at room temperature. Then, the mixture was washed with fresh liquid medium to remove as many whiskers as possible. The whisker-treated calli were then transferred into a 35 × 10 mm plastic petri plate for subculture. Three ml of liquid R2 medium was added to each plate. The liquid R2 medium was composed of R2 basal salts, 2 mg/L 2, 4-D and 30 g/L sucrose. The culture was grown on a rotary shaker (120 rpm) in the dark at 28°C.
Selection and regeneration
After 3-5 days, the whisker-treated calli were transferred onto the surface of selection medium which was composed of N6 basal salts, 2 mg/L 2, 4-D, 30 g/L sucrose, 50 mg/L hygromycin B (Hyg) and 3 g/L Gelrite (Wako Chemicals). After a 30-day culture, the growing calli were transferred to regeneration medium and cultured at 28°C with 16 h of light per day. The regeneration medium was consisted of MS basal salts, 1 mg/ L NAA, 2 mg/L BA, 20 g/L sucrose, 30 g/L sorbitol, 50 mg/L Hyg and 4 g/L Gelrite. After culture for ~1 month, regenerated plants (approximately 1-3 cm in length) were transferred to the plastic box with 150 × 150 mm in scale containing 100 ml MS medium containing 30 g/L sucrose, 50 mg/L Hyg and 3 g/L Gelrite for promoting root formation. After rooting, the regenerated plants were transferred to pots and grown in growth chamber at 28°C with 16 h of light per day.
Analysis
PCR analysis: Rice genomic DNA was isolated from Hyg-resistant calli by the CTAB method (Murray and Thompson 1980) . Integration of hpt was confirmed by the polymerase chain reaction (PCR) analysis with the hptspecific primers (Yamada et al. 2004) .
GUS assay: The PCR-positive calli including Hygresistant calli were analyzed for GUS expression. The histochemical GUS assays were conducted following the published reports (Jefferson et al. 1987 , Hiei et al. 1994 .
Southern blot analysis: The nuclear DNA was isolated from the leaves of transformed rice or untransformed rice (Nipponbare) by the CTAB method. Genomic DNA (~5 µg) was digested with HindIII. Southern blot analysis was performed as previously described (Tozawa et al. 1998 ).
The effects of sonication and centrifugation
To determine the effect of sonication, we sonicated the calli including whisker/plasmid DNA for 0, 20, 40, 80W (power output of Bioruptor UCD-200). Figure 1 shows the effects of sonication and centrifugation on transient GUS expression, and observed the transient expression of GUS in rice cells treated with whiskers using a microscope. The number of GUS expression units in cells (the number of blue spots per calli) with sonication was significantly higher than cells without sonication. Treatment with a 40W power output increased GUS expression five-fold compared with the non-sonicated control. The power output of 40W gave significantly higher GUS expression than that of 20W or 80W. Therefore, the optimum power output was 40W (sonication time was 1 min.) for DNA delivery. These results showed that supersonic treatment of rice cells with whiskers is effective to deliver DNA into rice cells. Cell survival decreased with the increase of sonication time (data not shown).
Another parameter influencing transient GUS expression was centrifugation treatment. The effect of centrifugation was clearly observed as shown in Figure 1 , and GUS expression increased about three-fold by centrifugation treatment. We assume that increase of frequency of physical contact between whiskers and cells raised the GUS expression level. Thus, the centrifugation is also the key factor for the efficient transformation using whiskers. The association of whiskers with suspension cells after sonication and centrifugation are illustrated in Figure 2 . We found that brief sonication with whiskers was more effective for DNA delivery than vortex mixing. Furthermore, the centrifugation treatment before sonication increased the transformation efficiency. We suppose that whiskers penetrate more deeply into cells by heavy vibration during sonication, although the mechanism of whisker-mediated transformation has not been clarified in detail. On the other hand, numerous microwounds occur on the surface of the plant tissue by sonication. The microwounding may also result in the active division of the cells and the accompanying DNA synthesis may enhance the incorporation of foreign DNA into the plant genome.
The potassium titanate whisker (PTW) is a physically and chemically stable material. Its range of application into industrial fields is expanding. The whisker is a single crystal with an average diameter of 0.5 µm and length ranging from 5-30 µm, and the characteristics of PTW is similar to those of SCW (an average diameter of 0.6 µm and length ranging from 10-80 µm) or ABW (an average diameter of 0.5 µm and 25 µm length). We have not tested whether SCW or ABW is applicable to our system. The dry whiskers should be handled in an exhaust fume hood paying attention not to inhale the whiskers when handling them. (Songstad et al. 1995) .
Transformation frequency and analysis of transgenic plants Table 1 shows the results of four independent stable transformation experiments using the whisker-supersonic (WSS) method. The components of the plasmid, pCH and pCH+pBI221 were used for transformation. After the WSS treatment, the calli were transferred to a selection medium containing 50 mg/L hygromycin (Hyg). The presence of hpt genes in the resistant calli was confirmed by PCR analysis. In total, 373 resistant calli were obtained from 6 ml pcv (packed cell volume) calli (total 4 experiments). In this experiment 6 ml pcv samples of rice calli were predicted to contain approximately 6,000 small calli. Therefore, the frequency of Hyg-resistant calli was approximately 6.2% (average). Furthermore, 248 plants were regenerated from 373 Hyg-resistant calli that were transferred to a regeneration medium containing 50 mg/L Hyg, although these frequencies varied among experiments. Therefore, the average number of transgenic plants obtained was about 10 per one Eppendorf tube (pcv 250 µl). The combination of two plasmids, pCH and pBI221, were used with co-transformation and this experiment was conducted to transfer the selective marker gene hpt and the GUS gene into cells. The efficiency of co-transformation was estimated from the ratio of GUS positive calli among the Hyg-resistant calli. The percentage of co-transformation ranged from 63 (%) to 81 (%) in our experiments. The co-transformation frequency is 60% for SCW method (Matsushita et al. 1999) and 100% for ABW method (Takahashi et al. 2000) . Therefore, in our WSS experiment, the co-transformation frequency is similar to other whisker-methods.
All Hyg-resistant calli were taken through the plant regeneration process and many green shoots were recovered. The regeneration frequency ranged from 45(%) to 88(%). These results were similar to the regeneration frequency of suspension-cultured rice cells mediated by Agrobacterium (Urushibara et al. 2001) . Therefore, it seems that the supersonic treatment did not affect the regeneration frequency, and suspension-cultured calli may be one of the convenient sources to produce transgenic plants. Stable integration of the exogenous plasmid DNA into the nuclear genome was tested by Southern blot analysis. The eight independent Hyg-resistant transgenic T 0 plants were randomly selected. The integration of the hpt in each genome was confirmed by (88) 1) The 1.5 ml pcv of rice cells were predicted to contain apporoximately 3,000 calli. Southern hybridization experiments. Only one band in lanes 1 and 3 plants were observed (Fig. 3A) . Two or more bands in lanes 2, 4, 5, 6 and 7 plants were observed. These hybridizing patterns indicate that the copy number of transgenes differs in each transgenic plant. Although southern blot analysis showed complex patterns of integration of the hpt gene in our experiment, these patterns observed in transgenic plants were similar to that observed among plants produced using other direct DNA-delivery methods (Matsushita et al. 1999 , Taylor et al. 2002 . In our other experiments, totally 12 transformed plants were observed for morphology and seed fertility in the growth chamber. Three plants exhibited abnormal morphological characteristics, such as dwarf and low seed fertility, and the abnormality might be somaclonal mutation due to the culture process. These results demonstrated that the WSS method is applicable to efficient and rapid gene transformation for introducing foreign DNA into rice. Currently, we are testing the WSS method for genetic transformation of some other crops.
